We report the discovery of a novel bocaparvovirus, bat bocaparvovirus (BtBoV), in one spleen, four respiratory and 61 alimentary samples from bats of six different species belonging to three families, Hipposideridae, Rhinolophidae and Vespertilionidae. BtBoV showed a higher detection rate in alimentary samples of Rhinolophus sinicus (5.7 %) than those of other bat species (0.43-1.59 %), supporting R. sinicus as the primary reservoir and virus spillover to accidental bat species. BtBoV peaked during the lactating season of R. sinicus, and it was more frequently detected among female than male adult bats (P<0.05), and among lactating than non-lactating female bats (P<0.0001). Positive BtBoV detection was associated with lower body weight in lactating bats (P<0.05). Ten nearly complete BtBoV genomes from three bat species revealed a unique large ORF1 spanning NS1 and NP1 in eight genomes and conserved splicing signals leading to multiple proteins, as well as a unique substitution in the conserved replication initiator motif within NS1. BtBoV was phylogenetically distantly related to known bocaparvoviruses with 57.3 % genome identities, supporting BtBoV as a novel species. Ms-BtBoV from Miniopterus schreibersii and Hp-BtBoV from Hipposideros pomona demonstrated 97.2-99.9 % genome identities with Rs-BtBoVs from R. sinicus, supporting infection of different bat species by a single BtBoV species. Rs-BtBoV_str15 represents the first bat parvovirus genome with noncoding regions sequenced, which suggested the presence of head-to-tail genomic concatamers or episomal forms of the genome. This study represents the first to describe interspecies transmission in BoVs. The high detection rates in lactating female and juvenile bats suggest possible vertical transmission of BtBoV.
INTRODUCTION
Parvoviruses are small, non-enveloped, ssDNA viruses that cause a wide range of disease in animals. Under the current International Committee on Taxonomy of Viruses (ICTV) classification system, the family Parvoviridae is divided into two subfamilies based on their host range: Parvovirinae, having members capable of infecting vertebrates, and Densovirinae, having members capable of infecting insects and other arthropods. In the past decade, many novel †These authors contributed equally to this work.
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On: Sat, 02 Feb 2019 19:59:30 parvoviruses have been discovered in animals and humans, which led to an expansion in the taxonomy of parvoviruses (Canuti et al., 2011; Li et al., 2011a Li et al., , V€ ais€ anen et al., 2014 . The subfamily Parvovirinae now comprises eight different genera: Amdoparvovirus, Aveparvovirus, Bocaparvovirus, Copiparvovirus, Dependoparvovirus, Erythroparvovirus, Protoparvovirus and Tetraparvovirus (Cotmore et al., 2014) . For example, Tetraparvovirus is a newly recognized genus that comprises viruses such as human parvovirus 4 G (PARV4G1) (Fryer et al., 2006 (Fryer et al., , 2007 Jones et al., 2005) and related viruses such as the hokoviruses of bovine (B-PARV4), porcine (P-PARV4) and ovine (O-PARV4) origin (Adlhoch et al., 2010; Cadar et al., 2011; Lau et al., 2008; Sharp et al., 2010; Tse et al., 2011) . The discovery of novel parvoviruses is the key to better understanding of their diversity and evolution.
Members of the genus Bocaparvovirus are unique among parvoviruses in possessing an additional ORF in their genomes, ORF3, between the conserved non-structural and structural coding regions, ORF1 and ORF2. The genus was originally named according to the hosts of the two initial members, bovine parvovirus (BPV) and minute virus of canines (CnMV), which were grouped under the species Ungulate bocaparvovirus 1 and Carnivore bocaparvovirus 1, respectively (Binn et al., 1970; Mochizuki et al., 2002; Spahn et al., 1966; Storz et al., 1978a) . The third distinct bocavirus (BoV), human BoV (HBoV), was discovered in 2005 from respiratory samples and subsequently in stool samples of children (Allander et al., 2005; Lau et al., 2007b; Sloots et al., 2006; Söderlund-Venermo et al., 2009) . Since the discovery of HBoVs, the genus has rapidly expanded with 12 species having been ratified by the ICTV (Cotmore et al., 2014) . These include Ungulate bocaparvovirus 2 to Ungulate bocaparvovirus 5 from swine, Primate bocaparvovirus 1 from humans and Western gorillas, Pinniped bocaparvovirus 1 and Pinniped bocaparvovirus 2 from California sea lions, and Carnivore bocaparvovirus 2 and Carnivore bocaparvovirus 3 from canines and felines, respectively (Blomström et al., 2009; Cheng et al., 2010; Kapoor et al., 2010a Kapoor et al., , 2012 Lau et al., 2011 Lau et al., , 2012 Li et al., 2011b Li et al., , 2012 McKillen et al., 2011; Ng et al., 2014; Shan et al., 2011a, b; Zeng et al., 2011; Zhai et al., 2010) . Recently, BoVs with complete coding sequences available were reported from two different bat species in Hainan Province of China and Myanmar, respectively (He et al., 2013; Wu et al., 2012) . Several unpublished partial BoV-related sequences from bat samples are also available from GenBank. Given the species diversity of these flying mammals and their role as reservoir for many viruses, we hypothesized that there are previously unrecognized BoVs in bats. We therefore investigated the presence of BoVs among different bat species in Hong Kong and Southern China. A novel BtBoV was detected in six different bat species by PCR. To define its taxonomic position and confirm that the same virus had infected different bat species, 10 nearly complete BtBoV genomes from three bat species were sequenced. Epidemiological and genome sequence analysis revealed evidence of interspecies transmission of BtBoV in bat.
RESULTS

Detection of novel BoVs in bat samples
PCR using consensus primers targeted to a 170 nt fragment of the NS1 gene was positive for BoV in an alimentary sample from Rhinolophus sinicus (Chinese horseshoe bat) and a respiratory sample from Myotis ricketti (Rickett's big-footed bat). The two sequences possessed <67 % nt identity with the corresponding partial NS1 sequences of known BoVs, suggesting the presence of a potentially novel bat BoV (BtBoV). Subsequent PCR using specific primers targeting to a 117 nt fragment of the NS1 gene of BtBoV was positive in four (0.15 %) of 2636 respiratory and 61 (2.31 %) of 2636 alimentary samples from 2636 bats of 15 different species sampled in Hong Kong and Guangdong Province of mainland China. Samples positive for BtBoV were from six different bat species of three families, Hipposideridae, Rhinolophidae and Vespertilionidae, with the highest detection rate in alimentary samples from R. sinicus (5.7 %) ( Table 1) . Eighteen samples from the family Pteropodidae, which comprise fruit bats, were all negative. In addition, one spleen sample from a R. sinicus bat from Hong Kong was also positive for BtBoV.
Since R. sinicus showed the highest detection rate for BtBoV, we further investigated the epidemiology among alimentary samples from this bat species. Alimentary samples positive for BtBoV were observed in the months of February, March, April, May, July, August and November during the study period, with peak incidence observed in May which is the lactating season (Fig. 1) . Moreover, 25 (5.80 %) of 431 samples from female adult bats were positive for BtBoV, compared to only five (2.36 %) of 212 samples from male adult bats (Fig. 2a, P<0 .05 by chi-square test). In contrast, similar detection rates were observed in juvenile bats, with seven (6.42 %) of 109 samples from female and five (6.58 %) of 76 samples from male juvenile bats being positive for BtBoV (Fig. 2a) . Among adult female bats, lactating bats had a much higher detection rate (57.1 %, 8/14 positive) for BtBoV than non-lactating bats (4.1 %, 17/417 positive) (P<0.0001 by chi-square test) (Fig. 2b) . Among the 14 lactating female bats, the eight bats positive for BtBoV had a significantly lower body weight than the six bats negative for BtBoV (P<0.05 by Student's ttest) (Fig. 2c) . Besides lactating female bats, juvenile bats also appear to be particularly susceptible to BtBoV infection. All samples from juvenile bats were collected in the months of July and August, and these had a significantly higher detection rate (6.5 %, 12/185 positive) than adult bats (2.3 %, 4/175 positive) sampled in the same months (P<0.05 by chi-square test).
Genome sequence analysis of Rs-BtBoV
Ten nearly complete genomes of BtBoV were sequenced, including one nearly complete circular genome consisting of non-coding regions (NCRs) and a complete coding DNA sequence (CDS) from an alimentary sample of R. sinicus (Rs-BtBoV_str15) and nine complete CDS from a spleen sample of R. sinicus (Rs-BtBoV_str4) and alimentary samples of six R. sinicus (Rs-BtBoV_str1, Rs-BtBoV_str3, RsBtBoV_str9, Rs-BtBoV_str10, Rs-BtBoV_str14 and RsBtBoV_str23), one Hipposideros pomona (Pomona roundleaf bat) (Hp-BtBoV_str21) and one Miniopterus schreibersii (common bent-winged bat) (Ms-BtBoV_str24). The nearly complete genome of Rs-BtBoV_str15 is of 5414 nt, with G +C content of 55.36 %. The other nine nearly complete genomes possessed 4711-4712 nt starting from NS1 start site to VP1 stop codon, with G+C content ranging from 55.67 to 56.41 %. The BtBoV genomes each encode two major non-overlapping ORFs, ORF1 and ORF2, and one additional ORF, ORF3, characteristic of BoVs (Allander et al., 2005; Arthur et al., 2009) . In BoVs, ORF1 encodes non-structural proteins (NS) and ORF2 encodes the overlapping capsid proteins VP1/VP2, while ORF3 encodes NP1. Conserved polyadenylation signal sequences are present downstream of the predicted NS1, NP1 and VP1/VP2 protein-coding regions.
Unique among BoVs was the presence of a single large ORF1 spanning NS1 and NP1 regions in eight of the 10 BtBoV genomes, which has not been observed in any other BoV and represents the largest among known ORFs of members of Bocaparvovirus (Fig. 3) . Transcription of this single ORF1 was confirmed by reverse transcriptase PCR and sequencing across the NS1 ORF (Fig. S1, 
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Jan 33 Feb 67 Mar 126 Apr 13 May 24 Jun 1 Jul 125 Aug 236 Sep 33 Oct 41 Nov 150 Dec 58 [GxxxxGK(T/S)] (conserved residues in bold typeface) (Walker et al., 1982) , catalytic domain for rolling circle replication initiation, HUHUUU (U being hydrophobic aa) (Ilyina & Koonin, 1992) and nickase site, (Koonin & Ilyina, 1993) , were present. However, the 10 BtBoV genomes possessed a unique substitution in the conserved replication initiator motif, HUHUUU, present in all classified BoVs, with HfiN substitution at the first His residue. The Rs-BtBoV_str1 also had the last hydrophobic aa substituted with a hydrophilic arginine.
The NP1 aa sequence of BtBoVs showed lower similarities to other BoVs in comparison to NS1 and VP1, but was the most conserved ORF within the Rs-BtBoVs. NP1 protein has been implicated in RNA processing and fine-tuning expression of non-structural and capsid proteins in CnMV (Fasina et al., 2015; Sukhu et al., 2013) . It has also been reported to be essential for DNA replication in CnMV and can induce cell cycle arrest and apoptosis in HeLa cells for HBoV1 (Sun et al., 2009 (Sun et al., , 2013 . The VP1-unique (VP1u) region of the BtBoVs contained the phospholipase A 2 (PLA 2 ) motifs and highly conserved catalytic residues 40 HDxxY 44 shown to form a catalytic network together with a downstream Asp residue in HBoV1 in a calcium-dependent manner (Qu et al., 2008) . Its associated calcium-binding loop 17 YLGPF 21 was also present, which is required for parvovirus infectivity via release of the virus from endocytic vesicles (Suikkanen et al., 2003; Z adori et al., 2001) . A glycine-rich tract, conserved across members of Parvoviridae, was also present in the N-terminal domain of VP1, which has been shown to initiate infection for minute virus of mice (Castellanos et al., 2013; Chapman & Rossmann, 1993) .
Rs-BtBoV_str15 represents the only bat parvovirus genome to date with NCRs sequenced. The longest NCR of RsBtBoV_str15 contains 703 nt and long palindromic sequences which may form various secondary structures. At least one rabbit ear-like structure was predicted 244 nt upstream of ORF1 start site, similar to the hairpins upstream to ORF1 of CnMV, HBoV1, BPV and other parvoviruses (Fig. 4 ) (Chen et al., 1986; Huang et al., 2012; Kapoor et al., 2011; Li et al., 2013; Sun et al., 2009; Zhao et al., 2012) . The rabbit ear-like structure was shown to be essential for establishing transcription template and progeny encapsidation for minute virus of mice .
Phylogenetic analysis using the 10 genome sequences of BtBoVs showed that these were distantly related to other BoVs, forming a distinct cluster within the genus Bocaparvovirus (Fig. 5) . The genomes of Ms-BtBoV from Miniopterus schreibersii and Hp-BtBoV from H. pomona were closely related to those of Rs-BtBoVs from R. sinicus with 97.2-99.9 % nt identities, suggesting interspecies transmission of BtBoV. Phylogenetic analysis performed using the partial aa sequences of NS1 also showed that the 10 BtBoVs formed a distinct cluster. However, unlike in the whole genome tree where BtBoVs were most closely related to Ungulate bocaparvovirus 2 with high bootstrap support, these were most closely related to Rf-BtBoV-1/LN2012 from a Rhinolophus ferrumequinum bat in China with 69.6-70.2 % aa identities in the partial NS1 region (Fig. 6) . The complete genome sequence of Rf-BtBoV-1/LN2012 was not available for further comparison.
Pairwise aa sequence comparison showed that the full-length NS1, NP1 and VP1 sequences of the 10 BtBoVs were most closely related to the corresponding genes in Mm-BtBoV (42.9-43.3 % identities), CBoV (44.4-45.7 % identities) and PBoV1 (55.7-56.4 % identities), respectively. We therefore propose a novel bocaparvovirus species 'Chiropteran bocaparvovirus 1' under the genus Bocaparvovirus, to comprise R. sinicus bat bocaparvovirus (Rs-BtBoV) from R. sinicus, H. pomona bat bocaparvovirus (Hp-BtBoV) from H. pomona and Miniopterus schreibersii bat bocaparvovirus (Ms-BtBoV) from Miniopterus schreibersii. 
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Rhinolophus sinicus BtBoV str15 Novel bat bocaparvoviruses themselves. The BtBoV strains from Hong Kong detected during the same year appeared to cluster together (Fig. 7) .
DISCUSSION
The present study represents the first to describe interspecies transmission of BoVs in animals. In this study, using primers targeted to the NS1 gene fragment, BoV sequences were detected from six different bat species. Phylogenetic analysis of viral genome sequences determined from eight R. sinicus, one H. pomona and one Miniopterus schreibersii revealed that they formed a distinct cluster among known BoVs, supporting the existence of virus variants of a single BoV species infecting different bats. BtBoV showed much higher prevalence among R. sinicus than the other five bat species that tested positive, suggesting that R. sinicus is the primary reservoir, with spillover of the virus to and limited transmission among 'accidental' bat species. Our findings are unlikely due to crosscontamination of samples or PCR, since multiple genes or genomes can be detected from the positive samples of the 'accidental' bat species using independent DNA extracts from the same sample. None of the negative controls at every parallel run of the PCRs gave false-positive results. Moreover, viruses from these bat species possessed only 97.2-99.9 % genome identities with those from R. sinicus. We were also able to determine the CDSs of two BtBoVs from the 'accidental' bat species. In contrast to some BoVs such as CnMV, CBoV, HBoVs and PBoVs that exhibited inter-and/ or intra-host genetic diversity as a result of mutations or recombination (Hoelzer et al., 2008; Hogan & Faust, 1986; Kapoor et al., 2009 Kapoor et al., , 2010 Lau et al., 2011 Lau et al., , 2012 , the genomes of BtBoVs were relatively conserved among the different bats and bat species, and analysis of partial NS1 sequences demonstrated limited genetic diversity among different strains. This suggests that the virus can readily infect other bat species without major genome adaptation. On the other hand, chronologically or geographically related strains of BtBoVs were more closely related to each other, supporting transmission among the respective bat population. While interspecies transmission of BoVs has not been reported . Bootstrap values were calculated from 1000 trees. The scale bar indicates the estimated number of nt substitutions per site. B19V of the species Primate erythroparvovirus 1 was used as outgroup. Virus names are as follows: As-BtBoV, Aselliscus stoliczkanus bat bocavirus; BPV, bovine parvovirus; CBoV, canine bocavirus; CnMV, canine minute virus; CslBoV, California sea lion bocavirus; FBoV, feline bocavirus; GBoV, gorilla bocavirus; HBoV, human bocavirus; Hp-BtBoV, H. pomona bat bocavirus; LBoV, leporine bocavirus; Mf-BtBoV, Miniopterus fuliginosus bat bocavirus; Mm-BtBoV, Myotis myotis bat bocavirus; Ms-BtBoV, Miniopterus schreibersii bat bocavirus; PBoV, porcine bocavirus; RBoV, rat bocavirus; Rs-BtBoV, R. sinicus bat bocavirus.
Novel bat bocaparvoviruses previously, some parvoviruses are known to have the ability to cross species barrier and expand their host range. For example, canine parvovirus (CPV) is believed to have emerged in the 1970s as a result of transmission of feline panleukopenia virus (FPV) from cats to dogs over a short period of time (Truyen, 1999) . It has been shown that introduction of VP2 Fig. 6 . Phylogenetic analysis of conserved NS1 helicase from members of Bocaparvovirus, 10 BtBoVs from this study and all other partial BtBoV sequences with conserved domains available. The tree was constructed by the maximum likelihood method under the best evolutionary model (rtREV + G + I). Bootstrap values were calculated from 1000 trees. The scale bar indicates the estimated number of aa substitutions per site. B19V of the species Primate erythroparvovirus 1 was used as outgroup. Virus names are as follows: As-BtBoV, A. stoliczkanus bat bocavirus; BPV, bovine parvovirus; CBoV, canine bocavirus; CnMV, canine minute virus; CslBoV, California sea lion bocavirus; FBoV, feline bocavirus; HBoV, human bocavirus; Hp-BtBoV, H. pomona bat bocavirus; LBoV, leporine bocavirus; Mf-BtBoV, Miniopterus fuliginosus bat bocavirus; Mm-BtBoV, Myotis myotis bat bocavirus; Ms-BtBoV, Miniopterus schreibersii bat bocavirus; PBoV, porcine bocavirus; RBoV, rat bocavirus; Rf-BtBoV, R. ferrumequinum bat bocavirus; Rs-BtBoV, R. sinicus bat bocavirus.
aa 93 and 323 of CPV into FPV greatly increased the latter's replication in canine cells (Chang et al., 1992) . Only seven residues of VP2 were reported to differ consistently between CPV and FPV, while three of these and two additional residues have been shown to affect host range (Chang et al., 1992; Simpson et al., 2000) . In comparison, the 10 BtBoV strains exhibited 26 aa substitutions in ORF2 with only four residues being substituted in multiple strains. Of these four residues, three are located in the VP1-unique region, aa 28, 30 and 121. The three residues were the only substitutions observed in Fig. 7 . Phylogenetic analysis of 137 nt fragment of NS1 from all positive samples. BtBoV strains with genomes mapped are in bold typeface. PE1, Primate erythroparvovirus 1 (B19V, B19 virus), was used as outgroup. BPV, bovine parvovirus; BtBoV, bat bocaparvovirus; CB, Carnivore bocaparvovirus; CBoV, canine bocavirus; CslBoV, California sea lion bocavirus; FBoV, feline bocavirus; HBoV, human bocavirus; HK, Hong Kong; Mf-BtBoV, Miniopterus fuliginosus bat bocavirus; MmBoV, Myotis myotis bocavirus; MVC, minute virus of canines; PB, Primate bocaparvovirus; PBoV, porcine bocavirus; PiB, Pinniped bocaparvovirus; UB, Ungulate bocaparvovirus.
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Ms-BtBoV VP sequence, while aa 30 and 121 were the only substitutions for Hp-BtBoV when compared to consensus RsBtBoV aa sequence. It would be interesting to investigate whether these residues or other factors may play a role in determining the host range of BtBoV, which may offer insights into the evolution and emergence potential of BoVs.
The proposed 'Chiropteran bocaparvovirus 1' (including Rs-BtBoV, Hp-BtBoV and Ms-BtBoV) represents a potentially novel BoV species, with their genomes having 57.3 % nt identities with those of known BoVs, being only distantly related to Mm-BtBoV and Mf-BtBoV previously identified in Myotis myotis and Miniopterus fuliginosus, respectively (He et al., 2013; Wu et al., 2012) . The present BtBoVs, detected from 2006 to 2013, meet the ICTV criteria for their classification as a novel species within the genus Bocaparvovirus. One of the ICTV criteria for species classification of the genus Bocaparvovirus requires that members of same species are defined as encoding >85 % identical aa sequences in the NS1, while diverging by >15 % from viruses of other species (http:// www.ictvonline.org/virusTaxonomy.asp). Although BtBoV can be detected in several bat species, it is predominantly found in R. sinicus as the natural reservoir. Of the 10 BtBoV genomes, eight also possessed a unique large ORF1 spanning NS1 and NP1. While the two other BtBoV genomes did not have such large ORF1, conserved splicing signals that may produce NS2 protein are found in all BtBoV genomes mapped in this study, as well as most other BoVs, supporting that this is likely a conserved transcription strategy among BoVs.
We present the first genome of a bat parvovirus with potential terminal hairpin sequences determined. The NCR sequences of parvoviruses are notoriously difficult to determine owing to secondary structures, such as long palindromic hairpins and 'rabbit ear' structures, which may impede PCR. Although two 'genome' sequences were previously reported for two bat parvoviruses, Artibeus jamaicensis bat parvovirus 1 (Aj-BtPV-1) and Eidolon helvum bat parvovirus 1 (Eh-BtPV-1) (Canuti et al., 2011) , the terminal hairpin sequences within their NCRs were missing. Terminal hairpins are involved in the replication of parvoviruses and are believed to undergo rolling hairpin replication with head-to-head or tail-to-tail concatamers forming as replicative intermediates (Straus et al., 1976; Tattersall & Ward, 1976) . In HBoV, however, an alternative replication strategy has been suggested, which results in continuous head-to-tail concatamers (Lüsebrink et al., 2011) . Alternative replication models have also been proposed for BPV (Chen et al., 1988 (Chen et al., , 1989 . The NCR sequences of Rs-BtBoV revealed the genomic concatamers to be in head-to-tail fashion, similar to HBoV. Interestingly, Rs-BtBoVs also possessed a unique replication initiator motif, NUHUUU, distinct from HUHUUU found in all other known BoVs.
Although the pathogenicity of BtBoV remains to be determined, the virus demonstrated a propensity to infect lactating female bats of R. sinicus, which may serve as the source for vertical transmission to their offspring. The peak of BtBoV detection among R. sinicus coincides with their lactating season in Hong Kong. While all infected bats appeared asymptomatic, the lower body weight among infected than non-infected lactating female bats suggested a self-limiting infection associated with weight loss, a situation similar to severe acute respiratory syndrome (SARS)-related coronavirus infection among R. sinicus (Lau et al., 2010 ). Yet, the lower body weight is unlikely due to coinfection by coronaviruses, since none of the BtBoVinfected lactating female bats in this study were co-infected by coronaviruses (data not shown).
Association between parvoviruses and diseases in reproducing females has been observed for bocaparvoviruses including BPV and CnMV, as well as for other parvoviruses including B19, Aleutian mink disease virus, CPV, FPV, Kilham rat virus and porcine parvovirus 1 (Beigi et al., 2008; Carmichael et al., 1991 Carmichael et al., , 1994 Coleman et al., 1983; Csiza et al., 1971; Gratacós et al., 1995; Kilham & Margolis, 1966 , 1969 Kilham et al., 1967 Kilham et al., , 1971 Lenghaus & Studdert, 1980; Mengeling & Cutlip, 1976; Padgett et al., 1967; Porter et al., 1980; Storz et al., 1972 Storz et al., , 1978b . These parvoviruses can infect the foetus via transplacental vertical transmission, while Kilham rat virus is also known to be shed in milk from lactating females (Jordan & Sever, 1994; Kilham & Margolis, 1966) . In this study, juvenile R. sinicus bats were only sampled in the months of July and August so as to protect the very young during the lactating season around May and June. Though not representing the newborn bats, these juvenile bats had a higher detection rate than adult bats sampled in these months. Moreover, only adult females but not adult males tested positive for BtBoV. This raises the possibility of vertical transmission of BtBoV from mothers to newborns or juveniles perinatally across the placenta or postpartum via feeding. Detection of BtBoV in respiratory and/or alimentary samples from different bat species, as well as one spleen sample from R. sinicus, suggested a broad tissue tropism similar to HBoV (Pozo et al., 2007; Wang et al., 2010) . While some BoVs, such as BPV, CnMV and HBoV, have also been associated with various respiratory or enteric diseases in animals and humans (Allander et al., 2005; Binn et al., 1970; Lau et al., 2007b; Mochizuki et al., 2002; Sloots et al., 2006; Söderlund-Venermo et al., 2009; Spahn et al., 1966; Storz et al., 1978a) , the pathogenicity of most BoVs remains poorly understood (Kapoor et al., 2010a (Kapoor et al., , 2012 Lau et al., 2011 Sharp et al., 2010) . Further studies are required to better understand the pathogenicity of BoVs in humans and animals, including bats.
Our findings extend our knowledge on the role of bats as a reservoir for viruses including BoVs. Bats are an important reservoir for emerging viruses in humans, such as coronaviruses (SARS-related coronavirus), paramyxoviruses (Hendra virus and Nipah virus), rhabdoviruses (rabies virus) and filoviruses (Marburg virus and Ebola virus). Viruses of at least 25 viral families are now known to be harboured by bats. Compared to the enormous species diversity of bats, only a handful of parvoviruses, including three different BoV species, have been found to infect bats. Besides BtBoV, it is interesting to note that R. sinicus is known to be the natural reservoir for at least two different coronaviruses (Lau et al., 2005 (Lau et al., , 2007a (Lau et al., , 2010 . It harbours the ancestor of SARS coronavirus (SARS-CoV) and is likely the ultimate source of the deadly epidemic in 2003 (Lau et al., 2005 (Lau et al., , 2015 Li et al., 2005) . The susceptibility of this bat species to different viruses suggests that R. sinicus bats may harbour other emerging viruses. Continuous surveillance of parvoviruses in bats may help better understand their role in their evolution and emergence.
METHODS
Collection of bat samples. Respiratory and alimentary samples from bats of 15 different species from different locations in Hong Kong and in Guangdong Province of Southern China were collected over an 8-year period (January 2006 to August 2013), using procedures described previously (Lau et al., 2005; Yob et al., 2001) . In addition, various organs, including brain, intestine, kidney, lung, liver and spleen, from 12 bats of four different species captured in Hong Kong were obtained for viral detection and preparation of primary bat cell lines. To prevent cross-contamination, specimens were collected using disposable swabs with protective gloves changed between samples. All specimens were immediately placed in viral transport medium before transportation to the laboratory for RNA extraction. The study was approved by the Committee on the Use of Live Animals in Teaching and Research at the University of Hong Kong.
Detection of BoVs. DNA was extracted using QIAamp DNA Mini Kit or EZ1 Virus Mini Kit v2.0 and EZ1 instruments (Qiagen). DNA was subject to PCR for BoVs, using forward primer 5¢-AATCCCTGG-CARGTBGGNCA-3¢ and reverse primer 5¢-TAGTTCTTGTTGW-GRTGRTT-3¢ targeting a 170 nt fragment of the non-structural protein NS1 gene, designed by multiple alignments of the nt sequences of NS1 regions of known BoVs. Specific primers were then designed based on the potentially novel Rs-BtBoV sequences detected (forward primer 5¢-GGTGGGTCACTGGGTGTT-3¢ and reverse primer 5¢-GCGCTCAC-TAAAGCCTTA-3¢, targeting a 117 nt fragment of NS1). The PCR mixture (25 µl) contained DNA, PCR buffer [10 mM Tris/HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 and 0.01 % gelatin], 200 µM of each dNTPs and 0.625 U Taq polymerase (Applied Biosystems). The mixtures were subjected to an initial denaturing step at 95 C, followed by 50 cycles of 94 C for 1 min, 50 C for 1 min and 72 C for 1 min and a final extension at 72 C for 10 min in an automated thermal cycler (Applied Biosystems). Standard precautions were taken to avoid PCR contamination and no false positives were observed in negative controls. PCR products were gel purified using the QIAquick Gel Extraction kit (Qiagen). Both strands of the PCR products were sequenced twice with an ABI Prism 3700 DNA Analyzer (Applied Biosystems), using the PCR primers. The sequences of the PCR products were compared to known sequences of NS1 regions of BoVs in the GenBank database.
Genome sequencing and analysis. Complete or near-complete genome sequences were determined for 10 bat BoVs from 10 samples (eight samples from R. sinicus, one sample from Miniopterus schreibersii and one sample from H. pomona), using the strategy described in our previous publications (Lau et al., 2008 (Lau et al., , 2012 Tse et al., 2011) . DNA directly extracted from the specimens was used as templates and amplified by degenerate primers designed by multiple alignment of the genomes of Ungulate bocaparvovirus 1 and Ungulate bocaparvovirus 2, Primate bocaparvovirus 1 and Primate bocaparvovirus 2 and Canine bocaparvovirus 1. Additional primers covering the original degenerate primer sites were designed from the results of the first and subsequent rounds of sequencing. Primer sequences are available on request. Partial terminal sequences were amplified by a modified protocol for RACE (Allander et al., 2005; Lau et al., 2011) . Entirety of the genome sequence was confirmed by performing inverse nested PCR at high annealing temperatures of 70 C with longer, specific forward primers at 3¢ NCR while specific reverse primers being at 5¢ NCR, using high-fidelity iProof polymerase (Bio-Rad). The 50 µl PCR mixture for amplifying the NCRs contained DNA, iProof high-fidelity PCR buffer (Bio-Rad), 400 mM of each dNTP and 1.0 U iProof high-fidelity DNA polymerase (Bio-Rad). The mixtures were amplified using 40 cycles of 98 C for 10 s, 70 C for 30 s and 72 C for 1 min, with a final extension at 72 C for 10 min, in an automated thermal cycler (Applied Biosystems) prior to the PCR products being gel purified using a QIAquick Gel Extraction kit. Obtained genomic sequences were assembled and manually edited to produce final sequences of the viral genome. All assembled sequences were confirmed by independent PCR using specific primers across overlapping regions to ensure accuracy of the assembled sequences. Reverse transcriptase PCR and sequencing was performed using specific primers across the NS1 ORF to confirm transcription of the predicted single large ORF1. The nt sequences of the genomes and the predicted ORFs were compared to those of other BoVs. The nt and aa identity was calculated for different ORFs or the full genome using MatGAT (Campanella et al., 2003) . Potential splice sites in the genome were located using NetGene2 version 2.4, available online at http://www.cbs.dtu.dk/services/ NetGene2/ (Brunak et al., 1991; Hebsgaard et al., 1996) . A maximum likelihood (ML) phylogenetic tree for full-length CDS was constructed under the best evolutionary model (GTR + G + I) using MEGA version 7.0. A ML phylogenetic tree for NS1 conserved helicase aa sequence was constructed under its best evolutionary model (rtREV + G + I) with available partial NS1 sequences containing conserved domains from members of the genus Bocaparvovirus and BoV-related sequences from bat samples. A tree incorporating nt sequences of all positively identified strains was constructed using a partial helicase-coding DNA fragment under the best evolutionary model (K2 + G + I) (Tamura et al., 2013) . Bootstrap values were estimated by using 1000 replicates on the ML substitution model. Promoter elements were scanned for by FPROM and TSSW algorithms, accessible online from http://www.softberry.com (Solovyev et al., 2010) , as well as by a YAPP Eukaryotic Core Promoter Predictor which combines several algorithms into a single program for core promoter prediction, available at http://www.bioinformatics.org/ yapp/cgi-bin/yapp.cgi. Protein domain and family analysis was performed using the MOTIF search algorithm provided online by Kyoto Encyclopedia of Genes and Genomes at http://www.genome.jp and by comparing hits with PROSITE Profile, NCBI-CDD or Pfam databases. Other conserved DNA and aa motifs were identified by multiple sequence alignment and comparing with available literature. 
